The water buffalo is vital to the lives of small farmers and to the economy of many countries worldwide. Not only are they draught animals, but they are also a source of meat, horns, skin and particularly the rich and precious milk that may be converted to creams, butter, yogurt and many cheeses. Genome analysis of water buffalo has advanced significantly in recent years. This review focuses on currently available genome resources in water buffalo in terms of cytogenetic characterization, whole genome mapping and next generation sequencing. No doubt, these resources indicate that genome science comes of age in the species and will provide knowledge and technologies to help optimize production potential, reproduction efficiency, product quality, nutritional value and resistance to diseases. As water buffalo and domestic cattle, both members of the Bovidae family, are closely related, the vast amount of cattle genetic/genomic resources might serve as shortcuts for the buffalo community to further advance genome science and biotechnologies in the species.
Introduction
Since water buffalo were domesticated 3000-6000 years ago, they have had economic importance as dairy, meat, and draught animals, in many highly populated countries [1] [2] [3] . The animals are typically found in tropical and subtropical forests, wet grasslands, marshes and swamps. Although they are terrestrial animals, they spend a good portion of time wallowing in mud holes or rivers in order to keep cool. Their habitats typically contain rivers, streams, mud holes, tall grasses, and trees which provide sufficient drinking and wallowing water, food, and coverage [2] . During the Pleistocene epoch, Bubalus was distributed from southern Asia to Europe. As the climate became increasingly dry, the area of distribution shrunk to India, Indonesia, and parts of Southeast Asia. Buffaloes are thought to have been introduced into Italy from central Europe in the sixth century or by the Bay of Tunis in the seventh century at the same time as the Arab conquests. Introduction of water buffalo populations into Australia, Africa, and the Americas has taken place only recently [1, 3] .
There are more than 168 million water buffalo in the world with about 161 million in Asia, 3.7 million in Africa, 3.3 million in South America, and the rest are distributed in Europe and Australia [4] . In South America there is a large population of swamp buffalo/river buffalo hybrids, because many of the buffalo were imported from India where river buffalo are predominant, and Australia, which has a high population of swamp buffalo [5] . These 168 million water buffalo comprise only 11.1% of the world's bovid population, but more people depend on the water buffalo than on any other domesticated species in the world [1] . As such, unlike other domesticated bovids, the water buffalo population has increased about 2% per year world-wide in the last 20 years.
Water buffalo provide more than 5% of the world's milk supply, which contains less water and more fat, lactose, protein, and minerals than cow milk [2, 4] . Water buffalo milk is used to make butter, butter oil, high quality cheeses, and other high quality dairy products. They have leaner meat that contains less fat and cholesterol than beef, while having a comparable taste [2] . Their hide can be used to make good quality leather products and they make good beasts of burden, providing 20% to 30% of all farm power, and are superior draught animals in waterlogged conditions such as rice paddies. They can also be used for transportation and can haul heavier loads than cattle [2, 4] . Water buffalo dung is collected, used for heat or fertilizer, and successfully enriches the soil, which reduces or eliminates the need for chemical fertilizers. Water buffalo utilize less digestible feeds than cattle making them easier to maintain using locally available roughages. In addition, water buffalo are used as cash--to be sold when the need arises; thus securing the economic status of many families.
Water buffalo are fairly healthy animals, even though they typically live in hot/humid regions that are favorable to the development of disease. While they are susceptible to most diseases and parasites, that similarly affect cattle, including trypanosomiasis, tuberculosis, brucellosis, rinderpest and piroplasmosis, the effects of disease are often less deleterious [6] . Due to their wallowing behavior, water buffalo are less susceptible to ticks and other ecto-parasites [4] . The resistance to ticks means that tick-borne diseases such as theileriasis, babesiosis, and anaplasmosis have little effect on water buffalo. If inoculated with East Coast fever (a form of theileriasis), water buffalo and cattle are equally susceptible [6] . Wallowing also makes water buffalo resistant to the screwworm fly, which is a major pest of livestock in Central and South America. In areas where cattle are heavily infected with the screwworm fly larvae, water buffalo are not affected. The mud that is caked on water buffalo after wallowing is thought to suffocate the larvae [6] . The adult water buffalo also has a strong resistance to strongyloid nematodes. Water buffalo do not experience the same nutritional deficiencies and the resulting susceptibility to these worms that cattle do because of their ability to utilize low quality roughages [6] . However, despite the resistance to some parasites that wallowing affords, this behavior increases the susceptibility of water buffalo to liver fluke. The buffalo are easily infected with the waterborne stage of liver fluke, although clinical signs of the disease are not usually manifested. Milking water buffalo are less affected than dairy cattle by mastitis although this is likely to change as buffalo milk yield increases [6] .
Although there are many advantages to raising water buffalo as described above, these animals remain underutilized. In particular, water buffalo breeders and farmers have been facing many challenges and problems, such as poor reproductive efficiency, sub-optimal production potential, higher than normal incidence of infertility, and lower rates of calf survival.
Genome research has created a broad basis for promoting and utilizing gene technologies in many fields of livestock production. For example, genome biotechnology will provide a major opportunity to advance sustainable animal production systems of higher productivity through manipulating the variation within and between breeds to realize more rapid and better-targeted gains in breeding value. This type of research will also make it possible to distinguish molecular phenotypes and thus improve the use of genetic resources in domestic animals. Therefore, the present review focuses on the currently available genome resources in water buffalo, thus providing knowledge and technologies that can help optimize production potentials, reproduction efficiency, product quality, nutritional value and resistance to diseases in the species.
Genome Anatomies of Water Buffalo
Buffalo belong to the Bovidae family and there are two main species of buffalo: the Asiatic buffalo (Bubalus bubalus) and the African Buffalo (Syncerus caffer) [5] . The Asiatic buffalo originated in India where domestication likely took place in the third millennium BC [7] , and China where domestication occurred in the fifth millennium BC [8] . The Asiatic water buffalo can be divided into two subspecies: the river buffalo and the swamp buffalo. The exact phylogenetic relationship between swamp and river buffalo is still in question. Divergence of these two subspecies occurred approximately 10,000 to 1.7 million years ago, long before domestication [1, 9] . Therefore, it is likely that that there were separate domestication events for river buffalo in India and for swamp buffalo in China [10] . As for the African buffalo, there are two subspecies: the cape buffalo (Syncerus caffer caffer) and the forest buffalo (Syncerus caffer nanus) [11] .
Cytogenetics of Asiatic Buffalo
Cytogenetic studies show that river buffalo have 25 chromosome pairs while swamp buffalo have 24 pairs. These subspecies differ by one chromosome; a fusion between river buffalo (BBU) chromosome 4 and 9 is comparable to swamp buffalo chromosome 1 [5] , and all chromosomes and chromosome arms are preserved between these two subspecies. Crosses between the two subspecies are fertile but hybrids possess 49 chromosomes, which is thought to lead to lower reproductive values in subsequent matings. River buffalo have 5 biarmed chromosome pairs and all others, including the sex chromosomes are acrocentric. Several studies have shown that river buffalo and domestic cattle, both members of the Bovidae family, are closely related. Indeed, both share chromosome banding and gene order homology, and have been cytogenetically characterized [12] . At the cytogenetic level, cattle and river buffalo chromosomes can be matched arm for arm (see examples in Figure  1 ). For reference, the cattle genome consists of 29 acrocentric chromosome pairs and a pair of XY sex chromosomes, while the river buffalo genome has 5 biarmed and 19 acrocentric chromosome pairs plus the XY sex chromosomes. The 5 biarmed chromosome pairs correspond to the fusion of two cattle acrocentrics, such as BBU 1 for BTA1 and BTA27, BBU2 for BTA2 and BTA23, BBU 3 for BTA8 and BTA19, BBU4 for BTA5 and BTA28, and BBU5 for BTA16 and BTA29, respectively. Each of the acrocentric river buffalo chromosomes corresponds to one of the remaining cattle chromosomes [12] . [22] , (b) This shows similar banding patterns for bovine chromosome 12 and water buffalo chromosome 13 [22] .
Cytogenetics of African Buffalo
Cytogenetic studies show that S.c. caffer possess 26 chromosome pairs and S.c. nanus has 27 chromosome pairs. These two species can interbreed although their progeny have 53 chromosomes and have reduced fertility due to unbalanced gametes, which give rise to unbalanced zygotes [5] . The main difference between the two subspecies of African buffalo is the presence of four biarmed chromosomes in S.c. caffer and three biarmed chromosomes in S.c. nanus. The rest of the chromosomes, including the sex chromosomes, are acrocentric in both species. The biarmed pairs in S.c. caffer correspond to the fusion of cattle chromosomes 1, 13; 2, 3; 5, 20; and 11, 29 [13] . In addition, Syncerus and Bubalus share no bi-armed chromosomes pairs, which suggest that there can be no crosses between these two genera because the resulting hybrid would have an unbalanced chromosome set. Therefore, chromosome morphology supports the designation of two separate genera [5] .
Sex Chromosomes
Several studies have revealed high degrees of homology among autosomal chromosomes of bovids with similar banding patterns and gene order among the chromosome arms of cattle, river buffalo, sheep, and goats [14, 15] . Bovid sex chromosomes, unlike the highly similar autosomal chromosomes, share a slightly more complex rearrangement of sequences [5] . Chromosome banding comparisons show that while large portions of these chromosomes are conserved, BBU-X has large blocks of constitutive heterochromatin that BTA-X lacks. Cytogenetic studies representing loci order on these sex chromosomes show complex rearrangements that may have occurred during the karyotype evolution of river buffalo and cattle. BBU-X and BTA-X share the same gene order but a different centromere position, indicating a centromere translocation event with the loss of constitutive heterochromatin in BTA-X, which differentiates it from BBU-X [5] . Comparative FISH mapping shows the existence of a similar situation in river buffalo and cattle Y-chromosomes. BTA-Y and BBU-Y differ in an inversion including the centromere and breakage points in both arms (pericentric inversion) where BBU-Y is larger than BTA-Y and gains heterochromatin [5] .
Nucleolar Organizing Regions (NORs)
Studies have shown that nucleolar organizing regions (NORs) are present in the telomeres of five cattle, sheep, and goat chromosomes and six water buffalo chromosomes [5] . The presence of these NORs and the highly conserved nature of bovid chromosomes indicated that the same nucleolus organizer chromosomes (NOCs) would also be present in bovids. Research by Gallagher et al. [16] found that some NORs, and not NOCs, were conserved to homologous chromosomes or chromosome arms. Moreover, goats, sheep, cattle, and river buffalo share one NOC; and two of the NOCs are common to river buffalo and cattle showing a close evolutionary proximity to each other [5] .
Phylogenetics of Water Buffalo
Barker et al. [17] studied 21 microsatellite loci in 8 swamp and 3 river buffalo populations, and found that there were considerable intra-and interpopulation differences in allelic variability between and within each buffalo type. Ritz et al. [18] studied the relationship between bovid species, including river buffalo. This study compared the analysis of 20 bovine microsatellites and showed that B. bubalis and S. caffer were the most divergent species in the Bos clade. Finally, Kumar et al. [19] used 27 microsatellite loci to show genetic variation among 8 Indian breeds. More recently, amplified fragment length polymorphism (AFLP) fingerprinting analysis was used in the phylogenetic analysis of bovid species that clustered African and water buffalo. This study showed several tree constructions including African buffalo with water buffalo [5] . Analysis of the mitochondrial D-loop DNA sequence of 19 swamp buffaloes and 61 river buffaloes of different breeds was done by Kierstein et al. [1] . The results of this study suggested that there was only one domestication event of water buffalo, which occurred on the Indian subcontinent 5,000 years ago. The authors hypothesized that these water buffalo interbred with wild buffalo or domestic buffalo from China resulting in the buffalo found on the South-East Asian mainland. Alternatively, Kumar et al. [10] suggested an independent domestication for river and swamp buffalo which is supported by the comparison of the mitochondrial D-loop regions of seven Chinese swamp buffalo and other swamp and river buffalo from Australia, India, Brazil, Italy, and Southeast Asia done by Lei et al [20] . These results showed that river buffalo and swamp buffalo diverged before domestication indicating that the domestication of swamp buffalo in China was independent from the domestication of river buffalo on the Indian subcontinent.
Analysis of water buffalo interleukin-12 (IL12) sequences and expression revealed significant sequence identity to bovine IL12 and functional cross-reactivity with bovine immune cells [5] . Fur-thermore, Indian water buffalo interleukin-18 (IL18) cDNA showed similar amino acid sequence (99%) to cattle.
Whole Genome Mapping of Water Buffalo
Several methods have been developed and used in mapping of genomes, such as linkage, radiation hybrid (RH), and in situ hybridization mapping. The linkage map was developed soon after the re-discovery of Mendel's work at the beginning of the 20th century. Linkage maps are generated by counting the number of offspring that receive either parental or recombinant allele combinations from a parent that carries two different alleles at two or more loci. Analyses of this type of data determine whether loci are "linked" to each other and, their relative order and the distance that separate them. Therefore, linkage mapping requires polymorphic markers and reference populations. The starting materials for RH mapping are cell lines that are constructed by fusing irradiated donor cells from the species of interest with a rodent cell line (usually hamster). The irradiation shatters each chromosome into multiple fragments at random locations. The resolution of this technique is as high as linkage analysis but it does not depend upon breeding and polymorphic markers. In situ hybridization uses a labeled probe to detect and localize specific RNA or DNA sequences on a chromosome. The modified in situ protocol that utilizes fluorescent tags is referred to as FISH (for fluorescent in situ hybridization). In general, for the method to be effective, the probe should be at least 500 bp in length. However, the estimated resolution of in situ hybridization is limited to ~10,000 kb. Current research only reports the use of the latter two methods in mapping of the water buffalo genome.
Fluorescent In Situ Hybridization (FISH)
The first cytogenetic map for water buffalo with only 68 loci, mostly assigned using FISH, was reported by Di Meo in 2008 [21] . This map contained at least one bovine molecular marker assigned to each river buffalo chromosome or chromosome arm. Subsequent maps were reported that contain 171 known genes and 122 microsatellites. Of these, 293 were assigned genes and 247 were assigned using FISH [5] . The total number of mapped loci for river buffalo is now 309, which cover all chromosomes and chromosome regions of the river buffalo genome (reviewed in Iannuzzi and Di Meo 2009 [5] ).
Radiation Hybrid Mapping
Radiation hybrid mapping is used to generate medium to high resolution maps, and are available for several mammalian species including the cow. The RH panel for river buffalo is a recent development that has been used to construct preliminary RH maps for several of the water buffalo chromosomes [22] [23] [24] [25] [26] . The preliminary RH maps for BBU1, BBU3, BBU6, BBU7, BBU10, and BBUX were based on markers derived from cattle, and showed that the bovine genome is a useful source of markers for buffalo genome mapping. This one element is significant and demonstrates that rapid and efficient transfer of genetic information may occur from cattle to water buffalo. Indeed Amaral et al. [12] used the BBURH 5000 panel to construct a first generation genome RH map of the river buffalo with 2621 cattle-derived loci covering all chromosomes. This map demonstrates improved coverage with considerable increases in the number of mapped markers, when compared to preliminary maps (previously constructed). After completion of the first generation whole genome RH map for river buffalo, the marker order was compared to the current bovine genome sequence assembly Btau_4.0. This comparison showed that the marker order within the linkage groups for the buffalo chromosomes was consistent with the bovine genome assembly [12] . As such, Stafuzza et al. [27] generated RH maps for BBUY which contain a total of 28 markers distributed within one linkage group. Figure 2 illustrates the bovine genome regions that have been linked to the water buffalo genomes based on the current maps of the species.
Whole Genome Sequencing of Water Buffalo
Genome sequencing in farm and other animals has advanced significantly in recent years. For example, sequence data are available in the public domain for many livestock species. As of March 1, 2010, there are 2,509,850 cattle, 3,237,358 pigs, 2,195,532 chicken, 6,259,791 sheep, 470,489 horse, 2,886,083 cat and 2,599,789 dog sequences available in the GenBank nucleotide databases (http://www.ncbi.nlm.nih.gov ). Whole genome sequencing has been completed in cattle, horse, chicken and dog and sequencing of the porcine genome is almost completed. A total of 66,935 nucleotide sequences for the water buffalo have been deposited in the GenBank database and are mainly 64,212 whole genome shotgun sequences, while the rest includes 974 mitochondrial genomic sequences and 1,748 nuclear gene/genomic DNA sequences. The latter may be further classified into nuclear gene-related sequences (981), satellite-related sequences (689) and others (78) (Figure 3 ). The 689 satellite sequences involve satellite (17) , microsatellite (311) and minisatellite (361) sequences, respectively, and the 78 other sequences mainly consist of cis-acting regulator, CpG island, repeat sequence, gene-like sequence or some other genomic sequences. 
Mitochondrial Genome Sequencing of Water Buffalo
The mitochondrial genome is present as a circular DNA molecule. Unlike nuclear chromosomes that are paired in mammals (except X and Y sex chromosomes), there are many copies of the mitochondrial molecule in every cell. However, the copy number can be extremely variable in different cells. For example, an egg contains 100,000 to 1,000,000 mitochondrial DNA (mtDNA) molecules, while a sperm contains only 100 to 1000. The complete water buffalo mitochondrial genome was sequenced by three groups of scientists at Hainan Medical College, China (see Genbank accession number: AY702168), Centre for Cellular and Molecular Biology, Hyderabad, India (see GenBank accession number: AF547270) and Istituto Spallanzani, Italy (see GenBank accession number: AY488491). Similar to other mammals, each mtDNA molecule in water buffalo harbors genetic material that encodes 37 genes: 13 for proteins (polypeptides), 22 for transfer RNA (tRNA) and one each for the small and large subunits of ribosomal RNA (rRNA) (Figure 4 ). 
Nuclear Gene/Genomic Sequencing of Water Buffalo
As shown in Table 1 , 971 known gene sequences have been contributed to the GenBank database for the species. Our annotation (Table 1) revealed that the sequences represent 277 functional genes based on the BLAST searches against orthologous genes in mammals. In particular, we observed that 29 genes/clusters have been heavily investigated, and they may account for 54% (527/971) of the known gene entries. Among them, 243 entries are sequences for genes related to growth and milk production, such as oxidized low density lipoprotein (lectin-like) receptor 1 (OLR1, 53 entries), leptin (LEP, 33 entries), growth hormone receptor (GHR, 29 entries), lactalbumin, alpha (LALBA, 20 entries), casein beta (CSN2, 18 entries), growth hormone 1 (GH1, 15 entries), insulin-like growth factor 1 (IGF1, 14 entries), casein kappa (CSN3, 13 entries), casein alpha s1 (CSN1S1, 13 entries), stearoyl-CoA desaturase (SCD, 10 entries), myostatin (MSTN, 9 entries), diacylglycerol O-acyltransferase homolog 1 (DGAT1, 9 entries) and butyrophilin, subfamily 1, member A1 (BTN1A1, 7 entries). Major histocompatibility complex (BULA@, 86 entries), solute carrier family 11, member 1 (SLC11A1, 24 entries), lactoferrin (LTF, 23 entries), integrin, beta 2 (ITGB2, 11 entries), CD14 molecule (CD14, 11 entries), toll-like receptor 4 (TLR4, 10 entries), lysozyme (LYZ, 10 entries), cathelicidin (CATHL@, 8 entries) and interleukin 2 (IL2, 7 entries) were the targets to study disease resistance in water buffalo. Variables of reproduction is another focus of water buffalo genome research, including studies on follicle stimulating hormone receptor (FSHR, 17 entries), sex determining region Y (SRY, 15 entries), progestagen-associated endometrial protein (PAEP, 14 entries), luteinizing hormone beta polypeptide (LHB, 10 entries), cytochrome P450, family 19, subfamily A, polypeptide 1 (CYP19A1, 9 entries), follicle stimulating hormone, beta polypeptide (FSHB, 8 entries) and estrogen receptor 1 (ESR1, 6 entries).
Genomic sequencing in water buffalo also involved satellite, minisatellite and microsatellite sequencing. Satellite sequences were mainly contributed by two groups of researchers, one at the Nagoya University, Japan [28] and one at National Institute of Immunology, India [29] . With digestion of two restriction endonucleases, BamHI and StuI, Tanaka and colleagues [28] identified two types of satellites in water buffalo by sequence analysis: one with ~ 1,400 bp tandem repeat unit and another with ~700 bp tandem repeat unit. The former shows 79% similarity to the bovine satellite I DNA, while the latter is 81% identical to the bovine satellite II DNA. The authors found that both satellite DNAs are localized to the centromeric regions of all chromosomes in either river or swamp type of buffaloes. Furthermore, the hybridization signals with the satellite I DNA on the acrocentric autosomes and X chromosome were much stronger than those on the biarmed autosomes and Y chromosome. However, the hybridization signals with buffalo satellite II DNA was almost the same over all the chromosomes, including the Y chromosome. Pathak and coworkers [29] further confirmed these two types of satellite sequences in the buffalo genome: the 1378-and 673-bp repeat fragments. Using real-time PCR analysis, the authors uncovered 1234 and 3420 copies of 1378-and 673-bp fragments per haploid genome, corresponding to 30 and 68 copies per chromosome, respectively. In addition, both 1378-and 673-bp repeat fragments are abundantly expressed in the spleen and liver.
There are a total of 361 minisatellite sequences deposited in the GenBank database for buffalo, which were mainly contributed by the National Institute of Immunology, India. Srivastava and colleagues [30] performed the minisatellite-associated sequence amplification with an oligo (5' CACCTCTCCACCTGCC 3'), that was designed based on consensus of 33.15 repeat loci using cDNA from the testis, ovary, spleen, kidney, heart, liver, and lung of water buffalo. The authors defined six different sizes of minisatellites with 1,263, 846/847, 602, 576, 487, and 324 bp, respectively. BLAST searches revealed that the 846/847-bp fragment has homology with the adenylate kinase gene, while the 1,263, 324, and 487-bp fragments show homology with the secreted modular calcium binding protein (SMOC-1), leucine-rich repeat neuronal 6A (LRRN6A) mRNA, and human TTTY5 mRNA, respectively. As for the microsatellites, there are a total of 311 submissions in the current GenBank database. Most of them were submitted by the Centre for Cellular and Molecular Biology, India (see AY775830 -AY775944, AY779565 -AY779623, AY787147 -AY787166, AY805331 -AY805389 and AY912133 -AY912182). These microsatellites have yet to be further mapped.
Next Generation Sequencing of Water Buffalo Genome
In the past, two general strategies have been widely used for whole genome sequencing: BAC by BAC sequencing and shotgun sequencing. Both strategies employ the Sanger method, which is relatively costly, time consuming, and labor intensive [31] . Therefore, the high demand for low-cost sequencing has led to the development of high-throughput sequencing technologies, called next-generation sequencing. As recently reviewed by Jiang et al. [32] , three such next-generation sequencing technologies have been commercialized, such as Roche/454 life science (http://www.454.com), Illumina/Solexa (http://www.Illumina.com) and Applied Biosystem/SOLiD (http://solid.appliedbio systems.com). These new generation sequencing methods no longer use the Sanger method for sequencing. Instead, the 454 technology is based on pyrosequencing and emulsion PCR; the Solexa technology utilizes a sequencing-by-synthesis approach for sequencing single DNA molecules attached to microspheres and the SOLiD (supported oligonucleotide ligation and detection) technology is a short-read sequencing method based on ligation. Nevertheless, these next-generation sequencing methods can produce a large amount of sequences in a relatively short time: for example, 500 Mb within 10 hours for Roche 454 GS FLX system, 1.5 Gb within 2.5 days for Illumina Genome Analyzer and 4 Gb within 6 days for Applied Biosystems SOLiD system [33] .
Using Roche 454 GS-FLX Titanium technology, a group of researchers at the Anand Agricultural University, India completed <1x genome sequencing of water buffalo in 2009 with a total of 64,212 sequences submitted to the GenBank database (ACZF01000001-ACZF01064212). The submission information from NCBI shows that a mature buffalo bull of Jaffrabadi breed was used to provide DNA materials for the project. 
Conclusions
1. As described above, the water buffalo community has been working hard to generate genome resources in terms of cytogenetic characterization, whole genome mapping and whole genome sequencing. Certainly, genome science comes of age in this important animal species.
2. The vast amount of genetic/genomic resources for cattle research has served as shortcuts for the water buffalo community to initiate genome science in the species. As bovine genome resources have advanced significantly during the last thirty years, so has that of water buffalo.
3. Completion of the studies reported herein will help develop essential genome technologies for breeders and farmers to improve reproductive performance and production potential in water buffalo.
